We have shown previously that heteroduplexes containing single-stranded loops are repaired efficiently in monkey cells, but not always correctly: 2% of the repair products acquired mutations within a 350 base-pair target (Weiss, U. and Wilson, J.H., Proc. Natl. Acad. Sci. USA 87: [1123][1124][1125][1126] 1987). The structures of the mutant genomes, which are described here, are consistent with an error-prone repair system. The spectrum of mutations includes about 25% point mutations and 75% rearrangements, which consist of deletions, duplications, and substitutions. The mutations are clustered in the vicinity of single-stranded loops in the original heteroduplex. The high frequency of mutation, their clustering, and the positions of rearrangement endpoints suggest that the mutations were generated during repair of the heteroduplexes.
INTRODUCTION
Heteroduplex DNA is formed as a key intermediate in all described pathways of homologous recombination (1) (2) (3) (4) . Genetic and physical evidence indicate that mispaired and unpaired bases can be incorporated into heteroduplexes (5) (6) (7) (8) . Repair of the resulting abnormal structures is thought to contribute to classic genetic phenomena such as marker effects and gene conversion (9) (10) (11) (12) .
We have shown previously that SV40 heteroduplexes containing one or multiple single-stranded loops in the 350 base pair intron of the T-antigen gene undergo efficient repair in monkey kidney cells (13) . More than 90% of the transfected heteroduplexes gave rise to plaques containing viral DNA of a single genotype. Although either strand could be used as the template for repair of the mismatch, there was nearly a 2:1 bias against the strand with the loop. Adjacent loops in multi-loop heteroduplexes were often co-repaired, consistent with the formation of excision-repair tracts extending up to 200-400 nucleotides in length. In this report, we examine the genomic structures of mutant SV40 virus that appeared among the progeny from transfected heteroduplexes. The structures of the mutant genomes are consistent with a repair process that is initiated by endonucleolytic scission at or near the base of a single-stranded loop and that is completed aberrantly about 2% of the time.
MATERIALS AND METHODS

Cells, Viruses, DNAs
The construction of SV40 heteroduplexes, their transfection into CV1 monkey kidney cells and the analysis of progeny viral plaques have been described (13) . In brief, heteroduplexes were formed from pairwise combinations of SV40 wild type and deletion mutant DNAs. DNA transfections were carried out with DEAE dextran and 0.01 to 0.05 nanograms of SV40 DNA per 60mm culture dish. Individual, well-isolated plaques were picked and then ampli-32 fled by reinfection of CV1 cells in the presence of P-orthophosphate.
Labeled viral DNA was isolated according to Hirt (14) , digested with restriction enzymes Hindlll and TaqI, and subjected to electrophoresis on a 5% polyacrylamide gel.
DNA Sequencing
DNA samples were purified as described (15) , and the double-stranded DNA was sequenced according to the method of Zagursky et al. (12) with modifications as described (15) . Sequencing primers were 17-mers that hybridized within the coding region of the T antigen gene.
RESULTS
Twenty-two viral plaques, corresponding to 2% of the analyzed progeny from heteroduplex transfections, were identified as mutants by the abnormal migration of restriction fragments on polyacrylamide gels. As we have discussed before, this assay is quite sensitive to minor nucleotide changes (13, 16) .
In this study, the assay readily separated two parental deletions that differ in length by two base pairs within a 400 base-pair fragment and permitted identification of single-base substitutions within a 700 base-pair fragment.
As a further check on our ability to identify mutants in this way, we examined by sequence analysis 26 progeny virus with normal restriction patterns. These viruses, which were derived from 11 different input heteroduplexes, contained only the parental markers deduced from their restriction patterns: no additional mutations were found in 2000 base pairs corresponding to doublestranded DNA or in 525 base pairs corresponding to single-stranded DNA in the input heteroduplexes. These results confirm the sensitivity of the electrophoretic assay; however, the observed 2% mutation frequency must be considered "Single" indicates heteroduplexes containing one loop; "double cis" indicates heteroduplexes containing two loops on the same strand; "double trans" indicates heteroduplexes containing two loops on opposite strands; "triple" indicates heteroduplexes containing three loops, either in the trans/cis or the cis/trans configuration (13) . b) Mutant viral plaques were Identified by the abnormal migration of their restricted DNA. c) Del, deletion mutant; dupl, duplication mutant; sub, substitution mutant. d) One point mutation was found in a duplication mutant (mutant I in Figure 1 ). a minimum estimate, since some mutations undoubtedly escaped detection.
The sequence alterations in mutant genomes comprised single-base changes and a variety of rearrangements, including deletions, duplications, and a substitution ( Table 1 ). The point mutations included 3 GC to AT transitions and two GC to CG transversions. Preferential mutagenesis of GC base pairs as opposed to AT base pairs was noted also when vector DNA was shuttled through mammalian cells (17, 18) . With the exception of one mutant (mutant L under Single Loop in Figure 1 ), all the rearrangements came from heteroduplexes with multiple loops and most rearrangements involved trans loops. (One deletion mutant is not included in this figure because its endpoints were located too near the sequencing primers to allow their determination.)
Trans I, II, and III refer to the rearrangement mechanisms described in Figure 4 . Trans I mutants contain deletions; mutant E has replaced the deleted sequence with 17 base pairs of unknown origin. Trans II and III mutants contain duplications.
The Cis mutant contains a deletion with endpoints in the vicinity of two loops on the same heteroduplex strand. "Complex" mutants contain a crossover between two heteroduplex loops. Mutants in the category "other" have neither endpoint near the base of a loop.
Mutant L was derived from a heteroduplex containing a single loop 57 nucleotides long. Mutants A, F, G, J, and M were derived from a trans double loop heteroduplex in which the left loop (25 nucleotides) was separated from the right loop (57 nucleotides) by 196 base pairs. Mutants B and C were derived from a similar heteroduplex in which the identical loops were separated by 169 base pairs. Mutant I was derived from a heteroduplex in which the left loop (25 nucleotides) was separated by 38 base pairs from the right loop (27 nucleotides). Mutants D, E, H, K, 0, P, and N were derived from two different triple-loop heteroduplexes that differed in the arrangement of the loops; however, in both heteroduplexes, the first loop (25 nucleotides) was separated by 38 base pairs from the second loop (27 nucleotides), which was separated by 131 base pairs from the third loop (57 nucleotides). The deletion mutants used here are described in detail elsewhere (13, 24) . Figure 4 , would require that the nonlooped strand be broken.
Although the patterns of rearrangement are consistent with the aberrant operation of a mismatch-repair process, the possibility that mutagenesls occurred during transfection must be considered. The observed frequency of mutation and the distribution of endpolnts argue against random mutagenesis during transfection. The mutation frequency observed in our experiments is 10-to 20-fold higher than that observed in transfection experiments with circular molecules containing similar-sized target regions (19, 20) . Although single-stranded regions may increase the sensitivity to transfection mutagenesis, random breakage of single-stranded regions would not account for the distribution of endpoints near the bases of loops, nor would it account for the average retention of 88! of the loop strand in those mutants in which the junction involves a loop. Whether any of the events critical to mutagenesis occurred outside the nucleus (as expected for transfection-associated muta-genesis) could potentially be resolved by microinjection of heteroduplexes.
Formation of heteroduplexes seems to be relatively mutagenic in mammalian cells. Heteroduplexes with single-stranded loops are associated with a high level of rearrangement mutations, as shown in this study. Other studies indicate that microinjected heteroduplexes with single-base mismatches are associated with a higher than expected mutation frequency (21) . Even the presence of a nick, which is assumed to be the first step in repair of mismatches, apparently induces a high frequency of local point mutations (22) .
These observations, coupled to the very high frequency of mutation induced by heteroduplex formation in gene targeting experiments (23) , suggest that cultured mammalian cells lack fidelity in correcting mismatched DNA.
